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Z . SUMMARY 


Sprlngborn Laboratories Is engaged in a study of evaluating potentially 
useful encapsulating materials for the Low-Cost Silicon Solar Array project 
(LSA) funded by DOE. The goal of this program is to identify, evaluate, and 
recomiMnd encapsulant materials and processes for the production of cost- 
effective, long-life solar cell modules. During this quarter, the develop- 
menc of pottant compounds was emphasized. 

formulation of the Lutyl acrylate syrup/casting powtant was completed 
and is now ready for the first stage of industrial evaluation. The formu- 
lation contains an ultraviolet stabilizer system and may be cured with an 
initiator that, unlike former selections, presents no shipping or handling 
hazards to the user. The catalyzed syrup is stable at room temperature and 
has a pot life of at least an eight hour (one shift) period of t^'me. The 
syrup cures to a transparent rubber in 18 minutes at a temperature of 60°C. 

il.ti formulation of the eth lene/methyl acrylate lamination pottant was 
also completed during this period of time. This compound is the alternative 
pottant to EVA and is similarly produced as an extruded sheet that is wound 
into rolls. Experiments were conducted to select the most appropriate base 
resin for this compound and generate a first-cut formulation suitadile for 
industrial evaluation purposes. The large scale extrusion conditions were 
determined and a 250 pound quantity was produced as a film of 30 inch width 
and 0.02 inch gauge. This resin is inherently non-blocking consequently no 
release paper was used to separate the plies. Experimental modules were 
prepared to verify performance and the cure profile was determined at a 
variety of times and temperatures. 

Due to the current commercial inter^.st in the EVA lamination pottant 
some revised studies were conducted with respect to the time/temperature 
cure requirements for successful use of this compound, fhe times needed to 
produce successful gel contents were redetermined at a variety of tempera- 
tures and these results were related to the peroxide half-life temperature 


curve. 


1 1. INTRODUCTION 


Th« goal of this program ia to idantlfy and avaluata ancapaulation 
matarials and procassas for tha protactlon of silicon solar calls for sarvica 
in a tarrastrial anvironmant. 

Encapsulation systams ara baing invastigatad consistant with tha DOC ob- 
jactivas of achiaving a photovoltaic flat-plata modula or concantrator array 
at a manafacturad cost of $0.70 per paak watt ($70 /ri 2) (1980 dollars). Tha 
projact is aimad at astablishing tha industrial capability to produca solar 
modular within t>ia raquirad cost goals by tha yaar 1986. 

To insura high raliability and long-tarm parformanca, tha functional 
con^^onants of tha solar call module must ba adequately protected from the 
environment hy soma encapsulation technique. The potentially harmful ele- 
ments to module functioning include moisture, ultraviolet radiation, heat 
build-up, thermal excursions, dust, hail, and atmospheric pollutants. Addi- 
tionally, the encapsulation system must provide mechanical support for the 
cells and corrosion protection for the electrical components. 

Module design must be based on the use of appropriate construction 
materials and design parauneters necessary to meet the field operating re- 
quirements, and to maximize cost/performance. 

Assuming a module efficiency of ten percent, which is equivalent to a 

power output of 100 watts per m^ in midday sunlight, the capital cost of the 

modules may be calculated at $70.00 per m^. Out of this cost goal only 20 

percent is available for encapsulation due to the high cost of the cells, 

interconnects and other related components. The encapsulation cost alio- 

2 

cation^* may then be stated as $14.00 per m^ which includes all coatings 
pottants and mechemical supports for the solar cells. 

Assuming the flat plate collector to be the most efficient design, 
photovoltaic modules are composed of seven basic construction elements. 

These elements are (a) outer covers; (b) structural and transparent super- 
strata materials; (c) pottants; (d) substrates; (e) back covers; (f) edge 
seals and gasket compounds, and (g) primers. Current investigations are 
concerned with identifying and utilizing materials or combinations of 
materials for use as each of these elements. 


a. JPL Document 5101-66 
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Extanslv* surveys hxv« b««n conducted into many claaaaa of matariala 
in order to identify a conqpou/td or claaa of cotqpounds optimum for uae aa 
each conatruction element. 

The reaulta of theae aurveya have alao been uaefuX tn generating firat* 
cut coat a^ iccationa for each conatruction element, which are eatimated to 
be aa follows (1980 dollara) t 

Approximate Coat 

Coantruction Elementa Allocation^* 

($/m2) 


Sub'itrate/Supers trate 
(Load Bearing Conqponent) 

7.00 

Pottant 

1.75 

Primer 

0.50 

Outer Cover 

1.50 

Back Cover 

1.50 

Edge Seal & Gasket 

1.85 


d. Allocation for combination of conatruction elements! $14/m^. 


From the previous work, it became possible to identify a small number 
of materials which had the highest potential as candidate low coat encapsu- 
lation materials. The following chart shows the materials of current in- 
terest and their anticipated functions: 


Candidate Encapsulation Materials 


Load Beaj'ing Con^ ■'.ant 

Superstrata Design: 

. Soda-Lime Glass 

Substrate Design; 

. Fiberboard 

. Flakeboard 

. Mild Steel 

. Glass Reinforced 
Concrete 


Pottants 

Ethylene/Vinyl Acetate 
Ethylene/Methyl Acrylate 
Silicone 534-044 (GE) 
Poly-n-Butyl Acrylate 
Aliphatic Polyurethanes 

(For use in both substrate 
and superstrata designs.) 


Covar Films 

Back Covers: 

. Mylar 
. Tedlar 
. Aluminum Foil 
. Other Metal Foils 

Outer Covers: 

. Tedlar 100 BG 
30 UT 

. 3M X-22417 
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Racant afforta hava amphaalsad tha Idantif icatlon and davalopmant of 
potting conpounds. Pottanta ara matarialo which provida a nuiobcr of func- 
tional but primarily sarva as a buffar batwaan tha call and tha surrounding 
anvironmant. Tha pottant must provida a nmchanical or inqpact barriar around 
tha call to pravant braakaga. must provida a barriar to watar which would 
dagrada tha alactrical output, must sarva as a barriar to conditions that 
causa corrosion of tha call matallization and intarconnact structura, and 
must sarva as an optical coupling madium to provida maximum light transmis- 
sior to tha call surfaca and optimiza powar output. 

This raport prasants tha rasults of tha past quartar which has baan 
diractad at tha cont .nuing davalopmant and tasting of pottants. 

Tha topics covarad in this raport ara follows: 

1. Tha davalopmant and final formulation of tha butyl aery lata syrup/cast- 
ing pottant. Qnphasis was piacad on davaloping a systam with lo;tg pot 
lifa, room tanparatura stability and rapid cura at raasonably low (50°- 
60^0 toiq)oraturas . Low hazard initiators wars avaluatad for those 
characteristics without presenting \ha danger of violent decomposition, 
fire, and the necessity for rafriga'ttad storage required with previ- 
ously selected peroxides. Tima/ temperature cure requriements were da- 

' tarminad for completed formulations prepared with ultraviolet stabil- 

izers. 

2. Ethylene /methyl acrylate base resins ware explored for suitability in 
producing a compound for industrial evaluation purposes. This compound 
contains an antioxidant and a syne.vgistic combination of ultraviolet 
stabilizers to extend its service life under outdoor exposure conditions. 
Peroxides used to cure the resin were also screened and a good first can- 
didate was selected. The extrusion and processing conditions of this 
film lamination pottant were determined using a 2 1/2 inch pilot plant 
extruder and material was prepared for industrial evaluation. 

3. Due to the cxirrent interest in the EVA pottant compound that has been 
produced at Springborn Ledxjratories, additional studies were conducted 
to confirm the exure behavio. and the time/temperature requirements re- 
sulting in acceptatble levels of gel content (measure of cure) . A time/ 
temperature gel content t2U3le was developed and a revised cure curve 
prepared to assist manufacturers with processing requirements. This 

curve relates well to the hs.lf-life decomposition curve of the peroxide 
i 

curing agent. 




III. POTTAWTS 


Pottants ar« th« rubbary transparant matarials which sarva as tha an- 
capsulation madiun diractly in contact with tha solar call. Tha raquirad 
propart ias of tha pottant ara transparancy , tharmal stability, UV rasistanca, 
low modulus for strass raliaf, tha abiliwy to ba crosslinkad (for tharmal 
craap rasistanca), and othars. In addition to thusa porforraanca propartias 
tha pottant must ba abla to ba usad in soma fabrication schama for tha prap- 
aration of solar modulas without damaga to tha calls, intarconnacts or othar 
con^nants. Invastigations by Springbor.n Laboratorias into matarials suit- 
abla for pottants also nacassitatad tha axamination of possibla procassing 
and fabrication tachniquas. Two methods avolvad from tliosa studies, lamin- 
ation and casting. Lamination concerns tha preparation of a sandwich com- 
posed of tha pottant and othar components in sheet form which arc then fused 
winder heat and vacuum to give tha completed module. Casting involves tha 
use of a liquid pottant which is punned into a cavity containing the othar 
components. After filling (and heating in somu cases) the pottant sets to 
a solid compound and develops its final cured propaities. 

In addition to the raavaluation of tha cure behavior of tha EVA lamin- 
ation pottant, this quarter has emphasized tha conflation of an ethylene/ 
methyl acrylate resin based lamination pottant and a butyl acrylate based 
syrup/casting pottant. 

Butyl Acrylate Syrup 

Previous efforts^* concerning the development of pottants have been 
aimed, in part, at tha formulation of an all acrylic casting syrup ba&ac* 
on butyl acrylate, a transpeurent monomer/polymer liquid. 

The polybutyl acrylate pottant was originally investigated at JPL and 
found to be a desirable material for use as a pottant for reasons of its 
physical properties and also its photostability. A study of the photo- 
chemistry indicates that poly n-butyl acrylate (cured) forms a stable 

a. Willis, P. and Baum, B. , Investigation of Test Methods, Material Prop- 
erties and Processes for Solar Cell Encapsulants , Eighteenth Quarterly 
Report to Jet Propulsion Laboratories, Contract #954527, Springborn 
Laboratories, Enfield, Connecticut, September 1960. 


croislinkttd network that undergoes chain scission and crosslinking at equal 
rates when exposed to ultraviolet radiation in the photoactive regions of 
the spectrum*. study of the wavelength dependence of the photodegradation 
of the polyacrylates shows that photoreactivity continues up to 310 nm, 
only barely into the solar spectrum. This indicates that the acrylic elas- 
tomer will require less stabilization than materials with strong abnorptions 
that may also reach far into the terrestrial ultraviolet^. 

The compound originally prepared by JPL was cwnposed of a premade butyl 
acrylate polymer that was then dissolved in a quantity of monomer to yield a 
pourable syrup. This syrup was then cured by heating in the presence of a 
free radical initiator. The cured material produced by this method is a 
water-white highly transparent elastomer of low modulus. 

The difficulty experienced with early formulations was that of high 
cure teng>ertture, long cure times and low gel contents. 

Subsequent work concerned the modification of this base formulation 
with functional crosslinking agents to reduce the cure tiroe/temperature and 
raise the gel contents. A successful formulation was discovered and a com- 
position resulted that demonstrated a 68% gel content with cong>lete cure of 
the syrup after one hour at 60^C. The new syrup constitutes the base for- 
mulation on which all subsequent work has been based and has the followi.'.g 
condos it ion: 

Butyl Acrylate Monomer 60t 

Butyl Acrylate Polymer 35% 

1, 6-Hexanediol Diacrylate 5% 

(Springborn No. A12805) 

This material achieves cure after mixing with an appropriate initiator 
and then heating for the required period of time. Thw best results were 
achieved with the addition of 0.5% by weight of Lupersol -11^., which resulted 
in a 87% gel content after one hour at 50°C. 

a. Gupta, A., Photodegradation of Polymeric Encapsulatiants of Solfu: Cell 
Nodules, LSA document 5101-77, 8/10/78, Jet Propulsion Laboratory, 
Pasadena, California. 

b. Morimoto, K. , and Suzuki, S., Journal of Applied Polymer Science, 

2947, (1972). 

c. Lupersol -11 is t>-9utyl Peroxypivalate , 75% in mineral spirits. 


Further experiaents were conducted on cure eyeteM for the polybutyl 
•crylete pottent syetea with the hope of finding e rooa teapereture cure 
cheaietry that would reaove the need for oven heating after aodule fabrica- 
tion. The experiaenta involved polyaerixation of the syrup at lo%#er tea- 
peratures, the screening of lower tesperature catalysts and the use of 
"proaoters” that cause the cure reaction to procede at a faster rate. A 
number of systras were found to give a wir'.e range of tiae/temperature con- 
ditions resulting in good cure of the syrup. The results of these experi- 
ments are sunnarised in Table 1 in the appendix. 

As stay be seen froa an examination of the table, a wide variety of pot 
lives, cure tesg>eratures and c\ire times are available for use with this 
resin system. Probably the most useful cure systems are those based on 
Lupersol - 11, both proaioted ind unpromoted. Mixed syrup/catalyst formula- 
tions do not appear to cure under rooa temperature conditions, therefore 
may be used for fabrication during an eight hour shift i however they can be 
cured fairly rapidly at low (3S«C) tnoqperatures after the module has bean 
filled with the syrup. The uso of a promoter, stannous ontoate, permits the 
cure to take place as low as 3S^C and, at higher temperatures, cuts the cure 
time by approximately 1/2 when cOTipared to the unpromoted system. The other 
initiators investigated Lupersol - 225, Benzoyl peroxide and Vazo-33W, are 
either ineffective, cure too slowly or cure too r&pidly with a short room 
temperatura pot life. Lupersol - 11 is the best selection between these ex- 
tremes. It also results in slightly ing>roved phvsical properties over the 
others, as is seen in the following table: 

Polybutyl Acrylate Pottant 
Cured Properties vs. Initiator System 

Cure^ 


Initiator 

Level 
% 

Cure Time* 
(min) 

Tenperature 

oc 

Strength 

(PSi) 

Elongation 

(%) 

Benzoyl 

0.5% 

60 

60 

138 

5u% 

Peroxide 

Benzoyl 

0.1% 

180 

60 

181 

100% 

Peroxide 

AIBN 

0.5% 

60 

60 

267 

100% 

Lupersol- 11 

0.5% 

180 

50 

202 

100% 

' azo 33W 

0.5% 

60 

25 

138 

74% 

Vazo 33W 

0.1% 

60 

25 

91 

55% 

Vazo 33W 

0.5% 

60 

25 

99 

63% 


Stannous 0.1% 

Octoate 

a. Minimum time permitted, cure may have taken place in much shorter time 
f» b. Temperature at which polymerization initiated, does not include exotherm 
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In 9 «n«ral, it has baan found that tha butyl acrylata ayrup pottant la 
a uaaful and rapid curing caating ayrup that may ba initiatod uaing a wlda 
variaty of initiatora and tlaa/taaq^ratura raqulraawnta . Thara la aoaM da» 
pandanca on phyaical prop«r^<aa and tha typa of initiator uaad. Tha highai 
taaparatura cura ayataaM appear to raault in alightiy nighar alongationa 
and noticably battar tana i la atrangtha. 

Oaapita tha apparant auccaa*' with thia forwulation , tha atudy of initia- 
tora had to ba axtandad. Luparaol-11 (Luc idol Corporation, Buffalo, Now 
York) raquiraa rafrigaratad ahipmant and ia claaaifiad aa a "doflagration 
hazard". Thia matarial haa a aalf-accalarating dacoaqpoaition taotparatura 
(SADT) of 85op (30^0 at which point it undorgoaa auddan dacong>oaition with 
tha ganaration of forca and/or a'/oxa and fira. Although appropriata for 
laboratory uaa, thia matarial may ba too dangaroua for ganaral induatrial 
application. An altarnativa waa conaaquantly aought. 

Aliphatic paroxidaa wara aalactad from lowar hazard catagoriaa and 
acroanod for afficiancy in curing tha butyl aery lata ayrup puttant, both with 
and without tha proaanca of tha promotar (atannoua octoata) . .0 following 

tabl<^ r acorda tha data obtainod on cura timoa at 60^C with a variaty of thoaa 
safer coc^unds: 

Low Hazard Paroxida Initiatora For 
Butyl Aery lata Pottant 

Tima to Cura (minutao) at 60^0 


Initiator 

Butyl Aery lata w/ 
0.5% 

Initiator 

Butyl Acrylata w/ 
0.5% Initiator and 
0.1% Promotar^ 

Alparox-F* 

18 

9 

Luparaol 220-050 

NP 

NP 

Luparaol 256^ 

13 

28 

Luparaol 101 

NP 

NP 

Luparaol 130 

NP 

NP 

Luparaol 231 

NP 

NT 


a. Alperox-F ia Lauroyl paroxida, Lucidol Corporation, Buffalo, NY 

b. Luparsol 2, 5 dimathyl -2,5- bia (2-athyl haxanoyl-paroxy) haxane 

c. Promotar, M&T catalyat Numbar T-9. 


( 


Of thtt two poroxidos that function wall a« initiators, tha first, 
Alparox-F (lauroyl paroxida) was salactad for furthar usa dua to its lowar 
hasard rating. This cosgwund falls into tha lo%Mst hasard rating of flasi- 
;.vHia paroxida cosipoundsi "low fira or nagligibla hasard". Xt has a aalf- 
accalarating docos^aition taisparatura (SADT) of 120^ (50^0 at which point 
it undargoas slow dacoaqposition accosgianiad by mild gassing or bubbling. 

This congiound is thamally stabla, has no shock sansitivity, dacomposas 
mildly at high tamparaturas and at Springborn Laboratorias constitutas a 
nagligibla fira hazard. Flammability tasts dona with a 5-pound quantity 
found tha matarial difficult to Ignita and maintain burning. Exparimanta 
wars than parformad to assass tha afficiancy and tima/tarparatura raquira- 
nants with Alparox-F. Vha tima to cura was datarminad at room tamparatura, 
and two potantially usaful fabrication tamparaturas, 50°C and 60*^C. rha 
axpar inants wars run with both promotad and unpronotad butyl aery lata syrup, 
tha following tabla racords tha raaultss 



Tima to 

Cura, 

Minutes 

Butyl Acrylate Syrup 
Number A12805 w/ 

Room 

Tanqparatura 

50°C 


Alparox-F, 0.5% 

NP 

NP 

18 

Alparox-F, 0.5% 
Promoter T-9, 0.1% 

NP 

25 

9 


As may ba saan, tha cura raaction may ba convaniantly initiatad at tan:- 
paraturas as low as SO^C with a promotad systam and tha mixad syrup doas not 
appaar to advanca at room tanparatura . Spacimans of mixad syrups wars tastad 
for cura ',ftar 18 hours at 2S^C and wars found to cura satisfactorily within 
approximataly 50 minutas at 60°C. Tha raason for tha incraasad tima raquirad 
cannot ba axplainad at this tima. 

Tha last 8 tap in tha formulation of this syurp to gat a product raady for 
evaluation purposes involved tha incorporation of additives to impart furthar 
UV/waatharing stability to this resin. A survey of the literature resulted 
in a combination of stabilizers that have been found to be affective in a- 
cry lie resins. This combination of stabilizers was subsequently examined 
for cura compatability and an additional compound, 5- vinyl tinuvin was in- 
cluded as an absorber capable of reacting in with the syrup during the cura 
reaction. The results of these formulations appears in Table 2 in the 
appendix. 
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Th« b«*t ov«r«Il formulation baaad on clarity, cura raquiramanta affi- 
ciancy of cura and physical propartic i was salactad from this tabla and 
conatitutaa tha first industrially raady coaqpound that will ba samplad to 
industry for avaluation purposas. This matarial will ba producad at Spring- 
born in rasaarch quantitias undar tha dasign. ,tion Butyl aery lata, 13870, and 
will hava tha following cosqpositiont 

Formulation Numbart 13870 


Ingredient 

% 

Parts 


Butyl Acrylate, Polymer 

34.72 

35 

100 parts 

Butyl Acrylate, Monomer 

59.52 

60 

"resin” 

1, 6-Haxanadiol Diacrylata* 

4.96 

5 


Tinuvin-P^ 

0.248 

0.25 


Tinuvin 770^ 

0.0496 

0.05 


Alparox-F** (initiator) 

0.496 

0.50 



99.99% 

100.80 



a. ”SR-238", Sartomar Corporation, Essington, PA. 

b. 2 (2*-Hydroxy-5-mathyl phanyDbanzotriazola, Ciba-Gigy, Ardslay, NY. 

c. Bis(2,2* ,6,6*-tatraiBathyl-piparidinyl-4)8abacate, Ciba Gigy, Ardslay, NY. 

d. Lauroyl paroxida, Lucidol Division of Pannwalt Corp., Buffalo, NY. 

In usa, tha formulation is complataly compoundod with tha ingradiants 
shown, sxcapt for tha initiator (Alparox-F) which in blandad into tha syrup 
immadiataly bafora usa. Aftar mixing tha initiator (a whita powdar) in with 
tha syrup, tha mixtura is than dagassad with stirring unJar vacuum at room 
tamparatura to ramova air bubblas that may inhibit the cure and result in 
voids in tha pottant. Alternatively, the initiator may be combined with tha 
base syrup in an airless mixing process. Tha solid initiator does, however, 
take a period of time to dissolve (5-10 minutes at room temperature) . 

As is shown in entry number 11 on Table 2 in the appendix, completely 
formulated compositions of this syrup are stable for at least a ona-day 
period of time wihtout prematura cure occurring and at 50°C the cure time 
is still in excess of one hour. This characteristic provides for aunple pot 
life and permits tha preparation of syrup for an entire day's run to be done 


ahaad of tima. Cura la accon^.Ushad aaally at tamparaturas of f0**70^C. Tha 
cura tinw at 60°C has baan found to ba in tha ordar on ninataan mlnutas, and 
at 70°C, about 14 minutas. Highar tanparaturas %rauld rasult in furthar ra- 
ductions in cura tima. 

Aftar cura, tha matarial is a transparant low modulus rubbai with tha 


following maasurad propartiast 

Total intagratad transmission, %T 89 % 

<350-800 nm) 

Rafractivo indax, 1.47 

Gal contant, by extraction 80 % 

Volatiles, residual 0.7 % 

Tensile Strength* 293 psi 

Ultimata elongation* 110 % 

Modulus, Young's or tangent 90 psi 


a. ASTM S-638, at 25°C 

Maasuramants are in progras?) to determine the true engineering modulus 
(Young's modulus) at low strains for use In module stress calculations. 

This pottant has a vary high heat of polymerization and generates con- 
siderable exotherm when tha cura process starts- This itccounts also for the 
rapid rate of convernion. The cure reaction is essercially comple.a within 
about 5 minutas aftar initiati.^n. 

A simple calorimeter was used to measure the heat of polymerization de- 
veloped during the cure reaction. The total heat of reaction was found to 
be in the ordar of 77 gram-calories per gram of syrup*. This is equivalent 
to approximately 138 BTU/pound and is developed within a ten or fifteen min- 
ute period as the cure proceeds. During the cure cycle in f 2 d)rication, it 
would be advantageous to have the modules in such a location that the excess 
energy from this exotherm may be dissipated (circulating air oven) . 

Additionally, the fast rate causes thermal stresses in the curing resin 
and, combined with polymerization shrinJcage, may result in the appearance of 
fractures. These effects do not appear to be troublesome in thin sections 
(100 mils) where the exotherm is dissipated. Plaques produced in standard 
molds cure with no difficulty to clear rubbery sheets with slight surface 
tadc. 

a. This calculates to approximately -63 KJ mole ^ heat of polymerization for 
pure butyl acrylate. Literature values are: styrene, -69 KJ iriole”^, and 
methyl methacrylate, -58 KJ mole”"^. 


Spilngborn Laboratories will bs ready to provide aaiif>lea of the bittyl 
acrylate pottant to industry .rithin the next Jew nonths. Pilot plant facil* 
ities must bo modified for preparation of th ^ syrup on a larger scale before 
evaluation quantities become available. The required equipment, a wiped film 
evaporator, has been ordered and the production of industrial evaluation 
samples of SA 13370 will bn started as soon as possible. 

Ethylene/Methyl Acrylate 

The development work, of the past year has emphasized EVA (ethylene vinyl 
acetate) as the pottant due to its successful performance and its potential 
for conmarcial readiness. This modified polymer is available in roll form 
from Springborn Laboratories for industrial evaluation. 

Investigations of pottants as alternates to EVA have been under inves- 
tigation. These conqsounds represent "second choice" materials in the event 
that the EVA pottant appears to be unsuitable for a particular module design 
or process. These investigations, hopefully, will also result in a few al- 
ternate choices of pottant for solar module manufacturers who may be pursuing 
different fabrication concepts than those amphasized in this report. 

The criteria for the selection of alternate pottants are essentially the 
seune for EVA; high transparency, processability, weatherability (or the po- 
tential to be made weatherable) and attractive cost. 

A resin that appears to be an excellent alternate to the EVA pottant 
system has been ider^-ifisd* and uuring the past quarter has been brought to 
the s .age ready for industrial evaluation. 

This new pottant is based on ethylene/methyl acrylate, a random copol- 
ymer of ethylene gas and methyl acrylate acrylic monomer. This is a ver- 
satile polymer with wide processing latitude, good thermal st2d3ility and is 
less crystalline and consequently softer than polyethylene. Although it has 
been commercially available in good supply for years, ethylene/methyl acryl- 
ate (referred to as EMA) is probably the least Itnown of all of the ethylene 

a. Willis, P. emd Baum, B., Investigation ot Test Methods, Material Proper- 
ties and Processes for Solar Cell Encapsulants , Seventeenth Quarterly 
Report to Jet Propulsion Laboratories, Contract #954527, Springborn 
Laboratories, Enfield, Connecticut, September 1980. 


copolyraara. EMA is producrid In a convantlonal high praasura raactor in which 
tha nathyl acrylata monomar la injactad Into an athylana straam in tha ra- 
actor. Undar propar control of praasura, tamparatura and catalysts, tha two 
polyraariza to produca tha copolymar. During tha polynarization, tha mathyl 
acrylata antars tha polyathylana backbona to produca sida branchas that sub- 
saquantly intarfara with tha crystal structura inharant to polyathylana and 
rasult in tha altaration of many propartias. Thasa acrylata groups occur at 
random positions along tha backbona of tha polymar and in most commorcial 
rasins constituta about 20% of tha polymar by waight. 

Tha most noticabla changas inducad by tha prasanca of tha acrylata 
group ara lowaring of tha malting point (Vicat softaning point) , reduction 
in stiffnass (modulus), an ii^rovamant in strass crack rasistanca, an in- 
craasa in tha dialactric atrangth, a dacraasa in tha softness and an in- 
crease in the total optical transmission. Thasa properties result in a 
rasln that has potential for use as a solar module encapsulant. A property 
comparison between EMA and low density polyethylene is shown in tha follow- 
ing table : . 


Property 

Ethy lane- ice thy 1 

acrylate 

copolymer 

Low-density 

polyethylene 

homopolymer 

Melt index 

2.4 

2 

Density, grams per cubic 

0.942 

0.917 

centimeter 

Comonomer content, percent 

20 

0 

Vicat softening point, op 

138 

194 

Tensile strength, psi 

1620 

1850 

Elongation, percent 

720 

650 

Hardness , Shore D 

35 

46 

Flexural stiffness psi 

4000 

18,500 

Stress-cracking resistance 

no failure in 

90 % failures 

(hostapal at SO^C) 

two weeks 

in 1 day 

Dielectric constant at 100 

3.1 

2.3 

kilohertz 

Dissipation factor at 100 

0.015 

0.0002 

kilohertz 

Low-temp'^rdture brittleness 

no failures to 
-76°C 

10 % failures 
to -76°C 


a. Reprinted from "Plastics Technology", February, 1980. 


EMA also has the valueJsle properties of low melt temperatures when used 
with conventional processing equipment, good melt adhesion to a wide variety 
of si^strates, good heat sealability and unexpectedly high thermal satability 
when compared to other olefin based polymers. EMA pellets are not hydrophilic 



as ara soma of tha othar copolymars and consaquantly it can ba storad and 
handlad in normal containars and rasin silos without tha faar of watar 
absorption. 

Tha main sourca of tharmoplastic EMA polymars in tha Unitad Statas is 
Gulf Oil Chamicals Company, Oranga, Taxas, who produca tha baaa rasin at 
coats in tha ordai of $0.S9/pound. Applications for this polymar includa 
high atrangth films for food and packaging applications, disposabla "rubbar" 
glovas, and co-axtrudad films with othar rasiiis for haat saal applications. 
Gulf Oil Chamicals Company produca threa commarcial gradas of EMA tha'-. vary 
in malt indax and additivas. Tha thraa gradas con^ara as follows: 

EMA Grade Numbar 



2205 

2255* 

TD-938 

Melt Index 
(ASTM D-1238-E) 

2.0 

2.4 

6.0 

Optical Transmission 
Method ASTM 424-A 

89.6% 

89.8% 

88.1% 

Comonomer Content 

20% 

17% 

20% 

Refractive Index, 

1.49 

1.49 

1.49 


•Contains anti-block agent, lubricant. 

Other commercial sources of EMA resins were also surveyed due to the 
promising characteristics of this material. Two others were identified; 
Northern Petrochemical Company, Omaha, Nebraska and E. I. DuPont de Nemours, 
Wilmi.igton, Delaware. Northern Petrochemical's resin is referred to as 
"Specialty Resin 1230" and has a melt index of 12 gms/lOmin. and a Shore A 
hardness value of 40. This resin will not be explored under the JPL program 
due to the fact that it is currently a "foreign source" material, being pre- 
pared by BASF Corporation, Baden, Germany and only distributed in the United 
States. The other EMA resin available from DuPont has the tradename "Vamac 
N-123" and is an opaque masterbatch ethylene/acrylic elastomer containing 
fumed silica, st£U3ilizers and processings aids. Zt is not suitable for use 
as a pottant due to its negligible light transmission. 


EiqpariiMnts ware condu^^tad to datarnina if curabla lamination compounds 
could ba praparad from EMA rosins. Tha Gulf product 2205 was uaad as a start 
Ing point and curs trials wars run with high tomparatura aliphatic paroxldas 
at a laval of l.o. ay walght. Tha paroxlda was blandad Into tha rosin on a 
haatad (lOO^C) tvo roll mill for a parlod of flva mlnutos. Tha formulation 
was then ramovad and plaquaa wars compraaalon raoldad at 150°C for 20 mlnutas 
Gal was aubsaquantly datarmlnad by axtractlon with hot toluano. Tha follow- 
ing rosults wars obtalnads 


Peroxide 

Half-Life 

Gel Content 

Lupersol 101 

1380C 

63.4 % 

Lupersol 231 

1120C 

79.5 % 

Lupe'^sol 130 

149°C 

0 % 

Vulcup-R* 

137®C 

72 % 


a. Vulcup-R Is not an aliphatic paroxlda and la 
Includod for comparison of euro offlclanclas 
only. 

Luparsol 231 was salectad as tha paroxlda for use in complete formula- 
tions Incorporating antioxidants and ultraviolet stabilizers. Due to the 
demonstrated efficiency of the formulation, the same stabilizer compounds 
used In the EVA formulation were used In the trial EMA formulations, as 
follows: 


EMA, base resin 
Lupersol ^31 
Cyasorb (JV-531 
Tlnuvln 770 
Naugard-P 


100 parts 
1.5 parts 
0.3 parts 
0.1 parts 
0.2 parts 


This formulation was tested wlrh each of the three Gulf EMA polymers 
and resulted In consistently high gel values of 76-68%. 

A fully compc’inded version of EMA (formulation A116'^7) was then run 
through the Brabender laboratory extruder to determine the processing con- 
ditions required to produce an extruded sheet suitable for the lamination 
approach to module fabrication. As with the EVA counterpart, the resin 
pellets (type 2205) were tumble blended with the peroxide and stabilizing 


«dditiv«t And run diractly into th« hopp«r of thm oxtrudor. Th« r«suiring 
■h««t lutoriala was of good quality, mors sasily controllabls than EVh and 
could bt sxtrudsd in thinnsr gauges. Extrusion procssdsd siooothly at a bar- 
rsl tanparaturs of lOO^C , a dis tsnpsratura of approxinatsly 80^C, and a 
back prassura of 1,200 psi. Tha throughput waa steady and approximately the 
Sana spaed as tha EVA, with a barrel rasidenca time of approximately 3>4 
minutes . 

Sheet resulting from this extrusion procedure was cured and analyzed 
for gel content. A low gel content of only 40% resulted. This is felt to 
be due to the higher melt viscosity of the EMA resin and insufficient blend- 
ing of the peroxide during the extrusion process. This problem waa esqpected 
to dieappaar with the use of the largo ( 2 1/2") extruder and higher molt 
index resin. 

The higher molt index resin (TD 938) was ordered from Gulf Oil Chemi- 
cals, Inc. in sufficient quantity to reevaluate the formulation on a labora- 
tory scale and also for the large trial run. This new material (melt index 
6 as opposed to 2) was contended in the same manner as the previous copoly- 
mer and extruded without difficulty. Gel contents obtained with this for- 
mulation were found to bo in the range of 74-78%. The blending properties 
of this polymer appear to be superior and subsequent formulations used it 
as the EMA base resin. 

A brief experiment was also tried to determine if an alloy of EMA and 
EV.A could be prepared that would have a melt index in a range more suit 2 d)le 
for the compounding operation. A blend of EMA (TD-938) and EVA (Elvax-150) 
was prepared on a differential two roll rubber mill. The composition was 
adjusted for a melt index of IS by using a composition of 74% EMA and 26% 

EVA. The two resins appear to be melt incompatible and result in an opaque 
polymer mass with poor transmission in molded sheets. This approach was 
discontinued. 

The base resin was therefore changed to the material designated TD-938 
with the higher melt flow value. This change was to facilitate more thorough 
compounding and possibly improve module f^lbrication due to the lower melt 
viscosity. The peroxide was also reevaluated in this formula and Lupersol- 
101 was found to be marginally more effective in raising the cured gr\ con- 
tents than tha Lupersol 231. Its use is also advantageous because it has 
a higher thermal stability emd will more easily tolerate shear/mixing in 
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th« «xtrusion procsss without prsmaturs dscon^sltlon. Ths now fomulstion 
(Springborn nunbsr A13439) was curod for 30 ninutss at ISO^C and rasultsd 
in a gal contant of 64% > 4% highar than tha pravious formulation using tha 
first salaction of paroxida. ' 

This formulation was usad for tha praparation of tha first pilot plant 
run to provida small quantitias for industrial avaluation. Tha following 
chart suranarizas tha formulation, aquipmant and procass paramatars usod in 
this axtrusion oparationt 


EMA EXTRUSION RUNi SUMMARY 


Formulation t No. A13439 


Praparation: Bland 50 lb quantitias in a SS gallon drum by tumbling. 

Mix tima minimum, 30 mlnutas. Product (hoppar faad) is 
wat translucant pallats. 


Formulation: EMA BAse rasin TD>938 

Luparsol 101 
Cyasorb UV-531 
Naugard-P 
Tinuvin 770 


50 Lbs 
340 cans 
68 . 1 GmB 
45.4 cans 
22.7 cans 


100 Parts 
1 . 5 Parts 
0.3 Parts 
0.2 Parts 
0.1 Parts 


Extruder: Hartig, 2 1/2 inch barrel 

Screw: Two stage compounding screw, 3.5:1 compression, 24:1 L/D 


Screw Speed: Approximately 32 rpm 

Die: Full width, 33"; set gauge, 0.020" 


Barrel and Tie 
Temperatures: 


Zone : 

1 

2 

3 

4 

Set: 

195 

195 

195 

195 

Run: 

200 

205 

220 

220 

(°C) 

930 

960 

1040 

104* 


Barrel 


5 

3 

9 

10 

11 

195 

185 

185 

185 

185 

200 

210 

200 

200 

195 

93O 

99° 

93O 

93O 

900 


Adaptor Die 


Screen Pack: 20-100-80-20 mesh screens 

Back Pressure: 3,000-3,200 psi 

Blowers for Cooling: zones 2, 3, 4 on 

Take up Rolls #2, 74®F, #3 and #4, 54°F 

Take up Speed: approx. 4. 2 '/minute, appx. 250' linear /hour 

Throughput: approx. 70-80 Ibs/hour 


The extrusion process proceeded smoothly without any special precautions, 
however attention was given to the extruder temperature profile to make sure 
that temperatures in excess of llO^C were not attained due to heat of shear 


fr«B th« int«rrwiX mixing opmration. A two stAg* scrow waa usAd to fAcll- 
itAtA thA comE»unding of thA AdditivAS into LhA poiymAr. ThA Axtru lAd thAAt 
WAS uniform in gsug*! (18-20 mils), hszy And trAnalucsnt io AppsAtAncA And 
WAS wound onto A 3"diAnAtsr CArdboArd cors for shipmAnt And convAniAncA in 

USA. 

No rAlAA'A PSpAr intArlAAf was USAd to SApArAtA thA pliAS of this prod*- 
uct. ThA rAsin hss VAry Low surfscA tsck snd msy bA wound and unwound onto 
thA cor AS with no difficulty. 

Curs profilss wsrs dAtArminsd in ths Isborstory by curing comprsssion 
moldsd plsquAs in a hsatod plattan prass for varying longths of timo and 
than maasuring tha gal contant. Tha following tabla givas tha rasultsi 

CURE PROFILE - EMA 
Formulation Numbar A- 13439 


DaqrAA of Cura, % Cal 

Cura Tima 130°C 14C°C 150®C 


10 minutes 



0% 

20 minutes 



37% 

30 minutes 


Low Gal 

53% 

40 minutes 

Low Gel 

34% 

63% 

60 minutes 

Low Gal 

47% 

65% 


Thasa rasults may be used as a general guide for this datarmination of 
the correct cure time required during module fabrication. 

The dagrAA of cure in the EMA based pottant is not as important as it 
is in the EVA pottant. The reason for curing pottant materials is to 
prevent destructive creep or flow that may occur in the module at elevated 
operating temperaturas. EVA will creep very badly and flow off the module 
surface if it is not cured (vulcanized) and subsequently exposed to the up- 
per limit use teo^erature (90^0 . The requirement is not as stringent for 
the EMA based pott^mt, however. Two modules were prepared with both EMA 
2205 and EMA TD-938 base resins without 2 my cure additives at all. These 
modules were then placed in an air oven set for 90°C for a period of one 


oonth. At th« and of this porlod of tinw no cr««p of th« pottant could b« 
not lead and both aiodulas wars in tha tana condition as whan thay had baan 
fabricatad. Largar sizad icdulas with uncurad rasin ara currantly undar- 
going tha JPL thamal/humidity cycling tast to varify tha apparant lack of 
thermal craap. Tha nacasaity for curing tha EMA and tha raquirad gal con- 
tent (if any?) is also being datarminad by additional axparinants at Spring- 
born Laboratories. 

Saiig>las of tha extruded EMA ware compression molded into plaques and 
than cured between Taflon-PEP films to yield optically flat surfaces. Total 
integrated transmission values ware than datarminad (ASTM B-424-A) over tha 
range of 350 nm to 600 nm. Tha total transmission was found to be 90.5%. 

Research quantities of EMA pottant are now avail>ibla from Springborn 
Laboratories in extruded sheet form suitable for lamination axparimants. 
Largar quantities will be available at a later date depending on tha cm- 
sponsa from industry or will be prepared on a custom order basis. 

Ethylene Vinyl Acetate (EVA ) 

Tha EVA pottant co'i^und developed at Springbora Laboratories (desig- 
nated A9918), is being used industrially in increasing quantities. Some 
difficulties are occasionally encountered in the cure process, however, due 
to variations in heat history when this material is used in different lamin- 
ation schemes and equipment. 

EVA cures through action of the thermal decomposition of the peroxide 
curing agent, whose decomposition rate increase logarithmically with in- 
creases in temperature. However, below 120 to 125°C, EVA itself is not 
capable of being cured even though there is slow thermal decomposition of 
the peroxide. Thus holding EVA at elevated temperatures below 120°C will 
not result in EVA cure, but will result in some depletion of the peroxide 
curing agent. Tha depletion qpiantity will be a function of holding time, 
and it can be presumed that there will exist some critical level of de- 
pletion such that the remaining quemtity will be inadequate to cure the EVA 
when later heated to the peak curing tenqperature . 

Due to the variation in processing requirements encountered in the 
industrial use of EVA, a series of tests were run to verify time/tempera- 
ture cure conditions and examine the variations i'l cure efficiency. This 


was dona undar laboratory conditions uaing a haatad plattan prass as ths hast 
source. Twenty ail thick plaques of EVh A9918 were pressed at different times 
and tenperatures and than subsequently analyzed for gel content to indicate 
the degree of cure. The following table records the results: 

CURE PROFILE - EVA 
Formulation Number A9918 


Degree of Cure ( % Gel) 

Cure Tine 130°C 14QOC ISO^C 


1 minute 



2.1 

2 minutes 


1.0 

4.1 

5 minutes 


11.6 

21.1 

10 minutes 

1.0 

23.5 

63.2 

15 minutes 

2.3 

59.3 

86.3 

30 minutes 

3.4 

68.2 


60 minutes 

32.1 

60.6 



As may be seen the 130^C temperature is ineffective in initiating cure. 
The 140°C temperature is effective, however it requires a one-hour period 
of time to reach an acceptable gel content. This is in accordance with the 
results obtained by some module manufacturers, based on recent contacts. The 
highest tang>erature, 1S0°C is the most suitable but still requires a full 15 
minutes to develop a high degree of cure. 

It is interesting to note that the times and tenperatures resulting in 
acceptable polymer gel contents (over 70%'« correlate well with the Half Life- 
Temperature Graph for the decomposition of Lupersol-lOl in a benzene solution. 
The time/ten^erature requirements fall accurately (based on two points) on 
the curve of log peroxide half-life versus temperature. The curve is at- 
tached, Table I. 

The time/temperature EVA cure relationship demonstrates that thu curing 
tinm for EVA increases by approximately a factor of three for every 12‘^C de- 
crease in cure temperature. Thus 20 minutes at ISO^C requires 60 minutes at 


A Mthod for tho quAntltativo analyols of poroxido «.nd tho othor cosf 
pounding ingrodionts in A9918 ix boing dovolopod using high prsssuro liquid 
chroBstogrsphy (HPLC) . This msthod will bs ussd to dstsmins ths criticsl 
sBount of psroxids rsquirsd for curs st diffsrsnt points on ths tims/t«n<- 
psrsturs curvii sssoss ths snount of rssidusl psroxids sftsr curs; and bs 
for quality control analysis of thu compoundsd/axtrudsd product. 


IV. CWCLU8I0W8 


Th« butyl acrylatu syrup syttsm dsvslopsd durlnq this psriod of tisM 
sppssrs to bs wsll suitsd to ths nssds of ths industrisl fsbricstor. His 
long pot lifs snd rapid curs tins at low tanparaturss and inssnsitivity to 
sioisturs all laad to a vary usabls liquid casting systan. Actual fiald 
parformanca will ba aasassad as soon as sufficiant quantitias of this pot> 
tant bacoi«s availabla to ship to solar nodula manuf acturars . Although 
suspactad to ba axcallam.* cha outdoor waatharing parfomanca of this natar* 
ial is not known, howavar. Spacimans of a prototypa foraulation hava baan 
axposad to almost 3,000 hours of RS/4 ultraviolat radiation with no daoay in 
propartias. 

Tha formulation, as it stands now, is in tha staga raady for industrial 
avaluation. Tha propartias may ba chsngad in tha futura to yiald a "tach- 
nically raady” pottant that raprasants tha bast possibls combination of 
properties that tha chamistry will permit and will ba based on the rscom- 
mandations o^ industrial users. 

Tha EMA pottant film is sirailarily in tha staga of raadinaas for indus- 
trial avaluation and tha ;ri.opartias may also ha modified at a later data in 
response to industrial raquiramants . Tha currant EMA formulation doss not 
appear to present any difficulties in terms of lamination and module pro- 
cessing. No broken calls hava baan noticed in any module prepared with this 
pottant. Tha currant disadvantage with this pottant is that long cure times 
are raquriad to develop high gal contents. Experiments in thermal creep 
hava not ('.amonstratod tha necessity for any gal content at all, howavar. 
Possibly this resin may not hava to ba cured in order tc ba a useful encap- 
sulation compound. 

Samples are being provided for industrial avaluation at this time. 



App«ndix 


TABLE I 


Butyl ncryXaf Po»:fnti Initiator 8tudi» > 
(BAsud on Stsndnrd Syrup PonnulAtlon Numb«r A12805) 


ZnltlAtor 

Proaotar 


TlsM to Cura 

(Blnutas) 


0.5% 

0.1% 

20®C 

35°C 

45°C 

55°C 

Lup«rtol-22S 

Nona 

NP 

NP 

NP 

NP 

Lup«riol-*225/ 
donsoyl Poroxlda 

Nona 

NP 

NP 

NP 

NP 

Lupar so 1-225/ 
Luparaol-11 

Nona 

NP 

NP 

32 

21 

Banzoyl Paroxlda 

Nona 

NP 

NP 

NP 

47 

Bancoyl Paroxlda 

Cobalt Naphthanata 

NP 

NP 

NP 

27 

Banzoyl Paro.dda 

Stannous Octoata 

NP 

70 

34 

12 

Banzoyl Paroxlda 

Zinc Ocotoata 

NP 

NP 

NP 

19 

Vazo - 33W 

Nona 

39 

5.5 

4 

3 

vazo - 33W 

Cobalt Naphthanata 

58 

•m 

- 

- 

Vazo - 33W 

Stannous Octoata 

30 

4 

3.5 

2.5 

Vazo - 33W 

Dlbutyl Tin Dllsurata 

37 

- 

- 

- 

Vazo - 33W 

Zinc Octoata 

38 

- 

- 

- 

Luparsol-ll 

Nona 

NP 

NP 

21 

12 

Luparsol-11 

Cobalt Naphthanata 

NP 

NP 

5 

2 

Luparaol-11 

Stannous Octoata 

NP 

29 

11 

5.5 

Liq>arsol-ll 

Dlbutyl Tin Dllaurata 

NP 

NP 

18 

7.5 

Luparsol-ll 

Zinc Octoata 

38 

- 

- 

- 


A-] 




TABLE XZ 


Butyl Acrylaf - Final ForaMlAtions 
Butyl Acrylat* Syrup With 0.5% Alp«rox-F 


Formulation 

Number 

Additives 

Room 

Temperature 

50°C 

60°C 


A13446- 






1 

Tinuvin-P, 0.5% 

NP 

- 

20 


2 

Ttnuvin-P, 0.5% 
Promoter. 0.1% 

NP 

26 

9 


3 

5- Vinyl Tinuvin. 0.5% 

NP 

- 

18 


4 

5- Vinyl Tinuvin, 0.5% 
Promoter, 0.1% 

NP 

46 

16 


5 

Tinuvin-P 0.5% 
Tinuvin 770, 0.1% 

NP 

- 

27 


6 

Tinuvin-P, 0.5% 
Tinuvin 77C, 0.1% 
Promoter, 0.1% 

NP 

26 

11 


7 

5-Vinyl Tinuvin, 0.5% 
Tinuvin 7*'0, 0.1% 

NP 

- 

25 


8 

5-Vinyl Tinuvin, 0.5% 
Tinuvin 770, 0.1% 
Promoter, 0.1% 

NP 

60 

14 


9 

Tinuvin-P, 0.25% 
Tinuvin 770, 0.1% 

NP 

Over 

60 

24 


LO 

Tinuvin-P, 0.25% 
Tinuvin 770, 0.1% 
Promoter, 0.1% 

NP 

40 

15 

7 pop 

11 

Tinuvin-P, 0.25% 
Tinuvin 770, 0.05% 

NP 

Over 

60 

18 

14 

12 

Tinuvin-P, 0.25% 
Tinuvin 770, 0.05% 
Promoter 0. 1% 

NP 

42 

15 

11 


NP ■ No polymerization noticed within an eight hour period of time 



TIHI (HU«t«s) 


TABLS III 


EVA Cure Oirv*! 


Paroxid* Half - Lifa Tanparatura Graph* 



TEMPERATURE (“O 

a. For Lupersol 101 peroxide; 2, 5-Dimethyl-2 , 5-di(t-butyl peroxy) hexane 


Source: "Evaluation of Organic Peroxides from Half-Life Data" 

Bulletin 30-30; Lucidol Division, Pennwalt Corporation, 
Buffalo, New York 

Note: No cure of the EVA pottant occurs below 125°C. 
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